The vocal tract shape is three-dimensionally complex. For accurate acoustic analysis, a finite-difference time-domain method was introduced in the present study. By this method, transfer functions of the vocal tract for the five Japanese vowels were calculated from three-dimensionally reconstructed magnetic resonance imaging (MRI) data. The calculated transfer functions were compared with those obtained from acoustic measurements of vocal tract physical models precisely constructed from the same MRI data. Calculated transfer functions agreed well with measured ones up to 10 kHz. Acoustic effects of the piriform fossae, epiglottic valleculae, and inter-dental spaces were also examined. They caused spectral changes by generating dips. The amount of change was significant for the piriform fossae, while it was almost negligible for the other two. The piriform fossae and valleculae generated spectral dips for all the vowels. The dip frequencies of the piriform fossae were almost stable, while those of the valleculae varied among vowels. The inter-dental spaces generated very small spectral dips below 2.5 kHz for the high and middle vowels. In addition, transverse resonances within the oral cavity generated small spectral dips above 4 kHz for the low vowels.
I. INTRODUCTION
Acoustic characteristics of the vocal tract during vowel production have been investigated mainly by one-dimensional (1D) acoustic analysis methods such as an acoustic tube model. Although the model assumes plane wave propagation within the vocal tract and the analysis is valid for the relatively lower frequency region below about 5 kHz (Stevens, 2000) , it has been a major tool for the study of vocal tract acoustics and provided much knowledge on the speech production mechanism (e.g., Fant, 1970; Flanagan, 1972) . The vocal tract, however, has a very complex threedimensional (3D) shape. It is asymmetric, bends at a right angle at the junction between the oral and pharyngeal cavities and has several side branches (Fig. 1) . In order to perform more accurate acoustic analyses, it is natural and reasonable to select 3D acoustic analysis methods. This paper introduces one of the methods and reports results of acoustic analyses of the vocal tract during vowel production.
Commonly used 3D acoustic analysis methods are the finite element method (FEM), the boundary element method (BEM), and the finite-difference time-domain method (FDTD). FEM and BEM have been used for acoustic analyses of the vocal tract (e.g., Kagawa et al., 1992; Matsuzaki and Motoki, 2007; Zhou et al., 2008 , Vampola et al., 2008a , Vampola et al., 2008b , but FDTD has been used mainly in other fields such as acoustic field analysis (e.g., Yuan and Berggren, 1997; Yokota et al., 2002) . Each method has advantages and disadvantages. For a given spatial resolution of the analysis model, FEM and BEM can calculate acoustic characteristics more accurately than FDTD. FEM and BEM can implement frequency dependent losses at boundaries, while it is difficult for FDTD to consider such losses. On the other hand, FDTD can calculate acoustic characteristics much faster than FEM and BEM. In addition, because FDTD uses a simple orthogonal grid system, it can directly load voxel data as an analysis model, while FEM and BEM need to convert voxel data to meshed data to define elements.
Magnetic resonance imaging (MRI) has been often used for measuring vocal tract shapes during phonation (e.g., Rokkaku et al., 1986; Baer et al., 1991; Story et al., 1996) . In these studies, vocal tract area functions were extracted from MRI data to calculate transfer functions which were compared with the subject's speech spectra recorded in a sound proof room because MRI scanners generate noise that is too loud for clear recording of speech sounds in the MRI gantry. It is possible, however, that the vocal tract shape in the MRI gantry differs from that in the sound proof room because loud noises block auditory feedback and thus could prevent from keeping consistent positions of speech organs. In addition, speech spectra recorded at high sampling rate even in the sound proof room have a low frequency resolution because the normal fundamental frequency even for males is more than 100 Hz and thus the line spectrum of the source is too sparse to estimate the transfer function of the a) Author to whom correspondence should be addressed. Electronic mail:
takemoto@nict.go.jp vocal tract in detail. For precise evaluation of calculated transfer functions, therefore, recorded speech spectra would be inadequate. One of the methods to estimate acoustic characteristics of an imaged vocal tract is to measure acoustic characteristics of physical models of the vocal tract constructed from the image. Epoxy resin is used to render the vocal tract's walls from the glottis to the lips, and thus the inside space represents the vocal tract (Kitamura et al., 2009) . The model is constructed by a stereo-lithographic technique, which is one of the rapid manufacturing and prototyping techniques for producing parts with high accuracy. As the modeling error is less than 0.2 mm, the physical model accurately represents the imaged vocal tract. Proper acoustic measurements, therefore, could provide transfer functions faithful to the imaged vocal tract shape with high frequency resolution. Note that the measured transfer functions do not reflect yielding wall effects of the soft tissue because the material of the physical model, epoxy resin, is hard.
In the present study, by the FDTD method, we calculate transfer functions of the vocal tract from MRI data for the five Japanese vowels. For evaluation, the transfer functions are compared with those obtained by acoustic measurements of physical models of the vocal tract constructed from the same MRI data.
Then, we examine acoustic effects of the laryngeal cavity and side branches, i.e., the piriform fossae, the epiglottic valleculae, and the inter-dental spaces (Fig. 1) . According to Takemoto et al. (2006b) , the laryngeal cavity is a narrow tube from the glottis to the pharynx and generates the fourth formant. The laryngeal cavity consists of the laryngeal ventricle and vestibule. The area and length of the ventricle are approximately 1.2 cm 2 and 0.5 cm, while those of the vestibule are approximately 0.5 cm 2 and 1.75 cm. The piriform fossa is located just above the esophageal entrance, bounded medially by the aryepiglottic fold, and laterally by the thyroid cartilage and thyrohyoid membrane. Dang and Honda (1997) revealed that the piriform fossae generate two spectral dips between 4 and 5 kHz. The epiglottic vallecula is a bilateral depression located at the base of the epiglottis. The vallecula is located in the base of the epiglottis, bounded anteriorly by the tongue dorsum, posteriorly by the epiglottis, medially by the median glosso-epiglottic fold, and laterally by the lateral glosso-epiglottic fold. Although the acoustic effects of the valleculae were not examined, it is expected that the valleculae generate spectral dips, as with the other side branches. Each side of the inter-dental spaces is a long and narrow cavity surrounded medially by the tongue, laterally by the cheek, and superiorly and inferiorly by the dental crown. It connects with the vocal tract just posterior to the lip. Because the interdental spaces are included in the oral cavity for the vowel /a/ and /o/, these vowels lack the space. According to Honda et al. (2010) , the inter-dental spaces generate spectral dips. While previous studies (Dang and Honda, 1997; Honda et al., 2010) were carried out by 1D acoustic simulations, we examine acoustic effects of these side branches on the transfer function by 3D acoustic simulations in the present study.
Furthermore, we examined acoustic effects of transverse resonance modes on the transfer function. Motoki et al. (1992) revealed that a transverse resonance occurred at 3.2 kHz in the artificial oral cavity model for /a/, while they did not examine the other vowels. In the present study, we examine all the five Japanese vowels.
II. MATERIALS AND METHODS
As materials, we used MRI data of the vocal tract of a male, which are freely distributed from the Brain Activity Imaging Center at ATR-Promotions Inc. The MRI data has been called "ATR MRI database of Japanese vowel production" (http://www.baic.jp/product/product_artic.html).
The MRI data were supplemented with teeth for precise extraction of the vocal tract shape because MRI cannot image teeth and bones. From the vocal tract shapes, physical models were constructed to measure their acoustic characteristics. Since we have already described detailed information about the MRI experiments, vocal tract physical models, and acoustic measurements of the models in our previous paper (Kitamura et al., 2009 ), here we provide only a brief outline. Then, the FDTD method and computational experiments are described in detail.
A. MRI experiment
A phonation-synchronized MRI method (Takano et al., 2006) was used for imaging the vocal tract of an adult FIG. 1. Vocal tract shape for the vowel /u/ extracted from MRI data. (a) Front view, (b) lateral view, and (c) top view. i, the inter-dental space; v, the epiglottic vallecula; p, the piriform fossa; and l, the laryngeal cavity.
Japanese male subject during production of the five Japanese vowels /a/, /i/, /u/, /e/, and /o/. The major advantage of this method is to diminish motion artifacts caused by inspiration (i.e., movements of the velum and arytenoid cartilages) because data acquisition is performed only during the subject's phonation. Thus, image blurring near the soft palate and larynx can be avoided. The MRI equipment was Shimadzu-Marconi MAGNEX ECLIPSE 1.5 T Power Drive 250 installed in the Brain Activity Imaging Center at ATR-Promotions Inc. Major imaging parameters were as follows: Fast spin echo sequence (FSE), 9 ms echo time (TE), 4900 ms repetition time (TR), 0.5 mm voxelresolution, 2 mm slice-thickness, no slice gap, and 41 sagittal images. After reconstructing volumetric MRI data for each vowel, upper and lower dental data obtained in another MRI experiment were superimposed onto the MRI data by an image processing method (Takemoto et al., 2004) .
B. Vocal tract physical model and analysis model
From MRI data for the five vowels, vocal tract shapes from the glottis to lips were extracted by a region growing algorithm. Each extracted vocal tract was converted from voxel data to surface data using a software, MIMICS (Materialise N.V., Leuven, Belgium). Then, using MAGICS (Materialise N.V.), the surface of the vocal tract was extruded outward to make a vocal tract wall with 3 mm thickness [ Fig. 2(a) ]. The data were formatted by standard triangulated language (STL), which is a file format native to the stereo-lithography computer aided design (CAD) software. The vocal tract wall formed a tube-like structure, so that the internal space represented the vocal tract. From the STL data, physical models for the five vowels were constructed by a stereo-lithographic method [ Fig. 2(b) ]. The material of the physical models was epoxy resin (D-Mec Ltd., SCR735, Tokyo, Japan). Furthermore, the STL data were re-rasterized, i.e., converted to voxel data again, to make an analysis model for FDTD simulations [ Fig. 2(c) ]. This is because in the conversion from voxel data to STL data, a smoothing process was automatically performed in the software. By this means, the same vocal tract shape was shared as precisely as possible between FDTD simulations and acoustic measurements of the physical model.
C. Acoustic measurement of vocal tract physical model
Figure 3 schematizes an experimental setup for measurements of acoustic characteristics of the physical model. The measurements were performed in an anechoic room at ATR, and the temperature of the room was 25.5 C. A horn driver unit (ALE acoustic, 7559DE, Yokohama, Japan) with a plane baffle was placed in front of the physical model's lips. The glottal part of the physical model was completely sealed with a plastic plate which had a hole of diameter 1.2 mm. The probe tube of a microphone (B&K 4182) was inserted into the hole. To the horn driver unit, an optimized Aoshima's timestretched pulse (OATSP) was supplied (Suzuki et al., 1995) . Based on the results of preliminary measurements of the acoustic characteristics of the anechoic room and experimental setup, the OATSP was compensated to have flat frequency characteristics from 160 Hz to 10 kHz.
According to Appendix A in Kitamura et al. (2009) , this experimental setup can measure a transfer function similar to the volume velocity transfer function, i.e., U out /U in (U out and U in are output and input volume velocity of the vocal tract, respectively). If the pressure change P meas (t) . is observed at the glottis, its spectrum P meas (x) is as follows: 
where Z r (x) is the radiation impedance of the vocal tract, Z 0 is the characteristic impedance of a plane wave, P s (x) is the spectrum of the input OATSP signal, and H(x) is the volume velocity transfer function. In this experiment, because the OATSP signal was compensated to have a flat frequency response, P s (x) can be considered as a constant. Equation (1), therefore, indicates that P meas (x) is close to H(x), while the spectral tilt is different. As the frequency rises, the amplitude of P meas (x) becomes gradually higher than that of H(x) because Z r (x) is monotonically increasing. Hereafter in the present study, P meas (x) is simply referred to as the measured transfer function H meas (x).
D. Finite-difference time-domain method
The dominant equations in a homogeneous lossy acoustic medium are
where p is the pressure, u is the particle velocity, a is the attenuation coefficient associated with compressibility of the medium, and q is the density of the medium. j is the compressibility of the medium and is defined as j ¼ 1=qc 2 , where c is the sound velocity in the medium. a Ã is the attenuation coefficient associated with density of the medium and is generally zero in the analysis region, while the value is aq=j in the absorbing boundary surrounding the analysis region, known as the perfectly matched layer (PML) (Berenger, 1994) .
On a staggered grid as in the Yee algorithm (Yee, 1966 ), these equations can be discretized with fourth-order accuracy in space and second-order accuracy in time as follows: 
where p n (i, j, k) is the sound pressure on the grid of (i, j, k) at the time step of n, p x n (i, j, k), p y n (i, j, k), and p z n (i, j, k) are additive components of the sound pressure, u x n (i, j, k), u y n (i, j, k), and u z n (i, j, k) are the particle velocities in the x, y, and z direction, respectively, Dt is the sampling time, and Dx, Dy, and Dz are the grid widths in the x, y, and z direction, respectively.
To simulate wall reflection, a simple method proposed by Yokota et al. (2002) was used. In this method, only the normal sound absorption coefficient a n is given, and then the normal acoustic impedance Z n is
On a wall, the normal particle velocity u n can be calculated by
Note that in this method frequency dependent losses on the wall cannot be implemented.
E. Simulation details
The size of the simulation space including analysis data of the vocal tract for each vowel was 80 Â 146 Â 133 voxels. At all sides of the simulation space, 12 layers of PML were added to absorb outgoing sound waves. The simulation constants were as follows:
Note that q and c were calculated by equations described in the Appendix of Caussé et al. (1984) at temperature 25.5 C, which was the same as in the anechoic room for acoustic measurements.
A point source of volume velocity was set up at a point just above the glottis with the following Gaussian pulse gp(t)
gpðtÞ ¼ e 
where T ¼ 0.646=f 0 and f 0 ¼ 10 kHz. Figure 4 represents the pulse in time and frequency domains. As Fig. 4 (b) indicates, the amplitude of the pulse reduced by 3.0 dB in the frequency range from 0 to 10 kHz.
The observation point was placed 3 cm away from the center of the lip end and the output signals P obs (t) were recorded during 50 ms. To compensate acoustic characteristics of the excitation pulse and attenuation effects within the air, the reference signals P ref (t) were also computed during 50 ms using the same source and observation points, when the analysis data of the vocal tract were removed from the analysis field. According to the reciprocity theorem in acoustics, the source point and observation point are reversible. Thus, spectra of P obs (t) and P ref (t), i.e., P obs (x) and P ref (x), corresponded to P meas (x) and P s (x) in Eq. (1), respectively. Consequently, the simulated transfer function H sim (x) ¼ P obs (x)=P ref (x) can be directly compared with the measured transfer function H meas (x).
Simulations were performed on a parallel computing system. The system had 16 central processing units (CPUs) and 16 GB memory. It took approximately 60 min to calculate the transfer function for each vowel.
F. Occlusion of the laryngeal cavity and side branches
To examine acoustic effects of the laryngeal cavity and side branches (epiglottic valleculae, inter-dental spaces, and piriform fossae) on the transfer function, the vocal tract shape was modified and the transfer function was computed. Dark gray parts in Fig. 1 indicate the location and geometry of the laryngeal cavity and side branches for the vowel /u/. In this simulation, the laryngeal cavity and side branches were occluded one by one, and the transfer function was computed and compared with the original one. Note that when the laryngeal cavity was occluded, the source point was placed at the bottom of the pharynx, and that the vocal tracts for /a/ and /o/ lacked the inter-dental spaces because they merged with the oral cavity. Table I lists the occluded volume of the laryngeal cavity and side branches, and Table II indicates the area function of the laryngeal cavity. The area functions were measured by the method described in Takemoto et al. (2006a) .
In order to evaluate effects of each side branch on the transfer function, the mean spectral distance between the FIG. 4. Input Gaussian pulse (a) and its frequency characteristics (b). In the frequency domain, the spectral amplitude monotonically decreases by 3 dB from 0 to 10 kHz. original transfer function and modified (i.e., side-branch occluded) one was calculated as follows:
where N is the total number of frequency steps and H represents the transfer function (in decibels).
G. Pressure distribution pattern
In order to clarify which parts of the vocal tract mainly contributed to producing particular spectral peaks or dips, pressure distribution patterns were calculated. The analysis data of the vocal tract were excited by a sinusoidal wave with the peak or dip frequency. After 20 ms excitation for reaching a steady state, the mean absolute value of the pressure for each spatial point was calculated during the subsequent 5 ms and that value was associated with the voxel value at that point. The part of the vocal tract where the pressure varies significantly, therefore, has a high voxel value and corresponds to a node of particle velocity. Hereafter, the distribution pattern of mean absolute pressure is simply referred to as the pressure distribution pattern.
III. RESULTS AND DISCUSSION
A. Comparison between measured and simulated transfer functions Table III lists the lower four formant frequencies of measured and simulated transfer functions and percent errors for the latter relative to the former. The mean absolute percentage error is 3.2%. These results indicate that the simulated transfer functions almost perfectly agree with the measured ones: The relative location and amplitude of peaks and dips are almost the same.
A few differences, however, are found. First, the simulated transfer functions shift toward the lower frequency region compared to the measured ones. The amount of shift was approximately 2% on average. The shift seemed to be caused by the difference of sound propagation speed between the simulations and measurements. The sound speed in the simulation field, however, was the same as that in the anechoic room because the sound speed was estimated at 25.5 C, which was the measured temperature in the anechoic room during acoustic measurements. Thus, the FDTD method itself possibly has some unknown factors causing the shift. Second, the peak-dip pattern from 3.5 to 5 kHz differs for the vowel /o/: The measured transfer function has three dips in this region but the simulated one has two. This difference was likely caused by side branches.
Although there are a few minor differences between measured and simulated transfer functions, the similarity of spectral shapes indicates that most acoustic phenomena within the physical model could be reasonably explained by the FDTD simulation used in the present study.
B. Acoustic effects of the laryngeal cavity on the transfer function Figure 6 shows pressure distribution patterns in the midsagittal section of the vocal tract at the fourth formant frequency for the five vowels. At the dark parts, the pressure changed significantly. For all the vowels, high pressure changes were observed in the laryngeal cavity while much smaller changes were observed in other parts of the vocal tract, although relatively large pressure changes were observed in the constriction within the oral cavity for /i/. This indicates that the laryngeal cavity acts as the main resonator for the fourth formant, and that other parts have small contributions to generating the formant. In addition, in the laryngeal cavity, the pressure amplitude monotonically decreased from the bottom end to the upper end. This pattern indicates that the primary resonance (the 1/4 wavelength resonance) occurred in the laryngeal cavity. Figure 7 shows a comparison between original transfer functions and those calculated when the laryngeal cavity was occluded. In other words, the figure compares the transfer function of the whole vocal tract and that of the vocal tract other than the laryngeal cavity. It is observed that the occlusion removed only the fourth formant from the original transfer function, reduced the amplitude of the transfer function around the original fourth formant, and tended to shift adjacent formants or peaks closer together. The mean decrease of the spectral amplitude from 2 to 4 kHz was 9.6 dB for /a/, 9.7 dB for /i/, 11.6 dB for /u/, 7.2 dB for /e/, and 11.8 dB for /o/. The amount of increase for the third formant was 40 Hz for /a/, 100 Hz for /i/, 60 Hz for /u/, 180 Hz for /e/, and 20 Hz for /o/. The next higher peak of the fourth formant was stable for /a/, /u/, and /e/, but its frequency decreased by 20 Hz for /i/ and by 140 Hz for /o/. These results indicate that the laryngeal cavity generates a formant and inserts the formant in this spectral region.
The results described above indicate that the primary resonance of the laryngeal cavity induced the fourth formant and other parts of the vocal tract were responsible for the other peaks and dips. That is, the laryngeal cavity is acoustically independent of other parts of the vocal tract, because the upper part of the larynx is much narrower than the pharynx (e.g., Story et al., 1996; Takemoto et al., 2006a) . Therefore, removing the laryngeal cavity removed the fourth formant and affected the spectral shape locally around the formant. These results coincide with those of our previous study (Takemoto et al., 2006b) , which were obtained by 1D acoustic analyses. In short, 3D acoustic analyses in the present study confirm the results obtained previously by 1D acoustic analyses. Note that for the vowel /i/, it was difficult to identify which of the third or fourth formant was removed by the occlusion process because the third resonance of the vocal tract other than the laryngeal cavity is close to the resonance of the laryngeal cavity. In the present study, however, we focused on only the fourth formant, after the manner of Takemoto et al. (2006b) .
It is also observed that the occlusion affected the transfer function above 7.5 kHz for all the vowels. We could not reveal the mechanism of those spectral changes. However, it is unlikely that the second resonance of the laryngeal cavity was the causal factor. In a uniform tube, the second resonance frequency is three times higher than the first one. The laryngeal cavity resembles the vocal tract for /i/: The back cavity is wider than the front. In this type of cavity, it is known that the first resonance frequency decreases, while the second one increases, compared to the uniform tube (e.g., Fant, 1970) . Therefore, the second resonance frequency of the laryngeal cavity might appear above 10 kHz. Thus, the spectral changes would not be caused by the second resonance of the laryngeal cavity, but by other factors such as partial resonance including the laryngeal cavity. Table IV shows mean spectral distances between original and bilateral side-branch occluded transfer functions. This table indicates that effects of the piriform fossae on the transfer function were the largest, those of the valleculae were the second largest, and those of the inter-dental spaces were the smallest. Generally speaking, a side branch generates a pole-zero pair on the transfer function. The zero (dip) frequency corresponds to the resonance frequency of the side branch itself, while the pole frequency is affected by adjacent poles. Therefore, in the present study, we focused on zeros (dips), especially the lowest one, although side branches affected the high frequency region.
C. Acoustic effects of side branches on the transfer function

Acoustic effects of the piriform fossa
Although the aryepiglottic fold should be considered as the acoustic inlet of the piriform fossa (e.g., Dang and Honda, 1997; Takemoto et al., 2008) , we occluded only the TABLE III. Lower four formant frequencies for measured transfer functions, simulated transfer functions, and percent errors for the latter relative to the former. "m" denotes the measured transfer functions; "s," simulated ones; and "d," percent errors. Note that F1 for /i/ could not be measured because the frequency was below 160 Hz, the lower limit of our measurement system. lower part of the piriform fossa ( Fig. 1 and Table I ), which was inferior to the upper end of the arytenoid cartilage, because the region from the aryepiglottic fold to the upper end of the arytenoid cartilage also formed the pharyngeal cavity. Even if only the lower part of the piriform fossa was occluded, this process could eliminate or move the corresponding dip. According to Table I , the right piriform fossa had a volume twice as large as the left one. Thus, it is expected that the dip frequency caused by the right piriform fossa tends to be lower than that caused by the left. In Fig. 8 , black lines denoted by "-p," "-lp," and "-rp" represent transfer functions calculated when bilateral, only the left, or only the right piriform fossae were occluded, respectively. Gray lines are the original transfer functions, overlaid for convenience of comparison. For /a/, when bilateral piriform fossae were occluded ["-p" in Fig. 8(a) ], two dips at 3.64 kHz (denoted by *) and 4.12 kHz (denoted by l) disappeared, but two small dips at 3.92 and 4.74 kHz (denoted by~) remained. As we discuss in detail later, these dips were caused by transverse resonance modes within the oral cavity. When the left piriform fossa ["-lp" in Fig. 8(a) ], which is smaller than the right one, was occluded, the dip at 4.12 kHz (denoted by l) disappeared, and the dip at 3.64 kHz (denoted by *) shifted to 3.78 kHz (denoted by D) while its depth increased by 13.2 dB. On the other hand, when the right piriform fossa (larger one) was occluded FIG. 8 . Simulated transfer functions for the five vowels when the bilateral, left, or right piriform fossae were occluded. -p, bilateral piriform fossae occluded; -lp, left piriform fossa occluded; -rp, right piriform fossa occluded. Marks: l, *,~, and~are used for indicating the dips discussed in the text.
["-rp" in Fig. 8(a) ], the dip at 3.64 kHz (denoted by *) disappeared, and the dip at 4.12 kHz (denoted by l) seemed to shift downward and merge with a dip at 3.92 kHz (denoted by D).
For /i/, when bilateral piriform fossae were occluded, two dips at 3.92 kHz (denoted by *) and 4.50 kHz (denoted by l) disappeared, and two very small dips at 4.66 and 5.16 kHz (denoted by~) became visible. These small dips were caused by the epiglottic valleculae, as we discuss later. When the left piriform fossa (smaller one) was occluded, the dip at 4.50 kHz (denoted by l) disappeared and the dip at 3.92 kHz (denoted by *) shifted to 4.00 kHz (denoted by D) while its depth increased by 10.0 dB. On the other hand, when the right piriform fossa (larger one) was occluded, the dip at 3.92 kHz (denoted by *) disappeared and the dip at 4.50 kHz (denoted by l) shifted to 4.32 kHz (denoted by D) while its depth decreased by 9.0 dB.
For /u/, when bilateral piriform fossae were occluded, the dip at 3.84 kHz (denoted by *) disappeared but the dip at 4.46 kHz (denoted by l) remained unchanged in frequency, while its depth decreased by 28.0 dB. As we discuss later, two dips at 4.46 and 4.84 kHz (denoted by~) were generated by the valleculae. Therefore, one of the piriform fossae had the same resonance frequency, 4.46 kHz, as one of the valleculae. When the left piriform fossa (smaller one) was occluded, the depth of the dip at 4.46 kHz (denoted by l) decreased by 38.4 dB, and the dip at 3.84 kHz (denoted by *) shifted to 3.92 kHz (denoted by D) while its depth increased by 12.1 dB. On the other hand, when the right piriform fossa (larger one) was occluded, the dip at 3.84 kHz (denoted by *) disappeared and the dip at 4.46 kHz (denoted by l) shifted to 4.26 kHz (denoted by D) while its depth decreased by 19.1 dB.
For /e/, when even bilateral piriform fossae were occluded, only the dip at 4.28 kHz (denoted by *) disappeared. When the left piriform fossa (smaller one) was occluded, the dip at 4.28 kHz (denoted by *) shifted to 4.06 kHz (denoted by D) and its depth decreased by 5.9 dB. When the right piriform fossa (larger one) was occluded, the dip at 4.28 kHz (denoted by *) shifted to 4.02 kHz (denoted by D), and its depth decreased by 10.7 dB. These facts indicate that the right and left piriform fossae had almost the same resonance frequency and generated a unified dip at 4.28 Hz for this vowel.
For /o/, when bilateral piriform fossae were occluded, the dip at 3.70 kHz (denoted by *) disappeared, but the dip at 4.16 kHz (denoted by l) decreased only in depth like /u/, and a small dip at 4.00 kHz became visible. These two small dips at 4.00 and 4.16 kHz (denoted by~) were caused by the valleculae, as we discuss later. These results indicate that one of the piriform fossae and one of the valleculae shared the same resonance frequency, 4.16 kHz. When the left piriform fossa (smaller one) was occluded, the dip at 4.16 kHz (denoted by l) decreased in depth (23.4 dB), and the dip at 3.70 kHz (denoted by *) shifted to 3.76 kHz while its depth increased by 10.2 dB. On the other hand, when the right piriform fossa (larger one) was occluded, the dip at 3.70 kHz (denoted by *) disappeared, and the dip at 4.16 kHz (denoted by l) decreased in amplitude and seemed to unite with dips at 4.00 and 4.16 kHz [denoted by~on "-p" in Fig. 8(e) ].
Based on the above results, we can summarize that for all the vowels except for /e/, the right piriform fossa, which is the larger one, generated a dip at approximately 3.7 kHz, while the left piriform fossa generated a dip at approximately 4.2 kHz. These dip frequencies are lower than those reported by Dang and Honda (1997) . For the vowel /e/, the right and left piriform fossae had the same resonance frequency, approximately 4.2 kHz. This indicates that the resonance frequency of the right piriform fossa increased compared with the other vowels. One of the possible factors for the increase is that the tongue deformation for /e/ changed the configuration of the right piriform fossa more than that of the left.
The above results also indicate that there exists an acoustic interaction between the right and left piriform fossae. When the left piriform fossa was occluded, the frequency of the dip caused by the right piriform fossa increased together with its depth. Conversely, when the right piriform fossa was occluded, the frequency of the dip caused by the left piriform fossa decreased together with its depth. In short, one side of the piriform fossae affected the frequency and depth of the dip generated by the other side.
Acoustic effects of the epiglottic vallecula
Because of the anatomical configuration, the shape of the vallecula was changed by the relative position of the tongue dorsum and epiglottis, and thus, it varied among vowels. For example, because the posterior part of the tongue is depressed for /a/ and /e/, the epiglottis comes close to the tongue dorsum to reduce the volume of the valleculae (Table I) . Figure 9 represents transfer functions calculated when bilateral epiglottic valleculae were occluded. In general, spectral changes were very small. For /a/, the occlusion of the valleculae removed a very small dip at 2.30 kHz [denoted by~in Fig. 9(a) ]. Although bilateral valleculae were occluded, the disappearance of only one dip was observed. This would be because the left vallecula is small (139 mm 3 ) and has a very high resonance frequency. For /i/, the occlusion of the valleculae removed two very small dips at 4.68 and 5.16 kHz [denoted by~in Fig. 9(b) ]. For /u/, the occlusion of the valleculae removed a dip at 4.84 kHz and reduced the depth of a dip at 4.46 kHz [denoted by~in Fig. 9(c) ]. As discussed in the previous section, this would be because the left piriform fossa and one of the valleculae had the same resonance frequency, 4.46 kHz. Therefore, these two dips were caused by the valleculae. For /e/, the occlusion of the valleculae removed only a dip at 3.58 kHz [denoted by~in Fig. 9(d) ]. As in the case of vowel /a/, although bilateral valleculae were occluded, only one dip disappeared. This would be also because the left vallecula is small (83 mm 3 ) and has a very high resonance frequency. For /o/, interpretation of the spectral changes was difficult. When the valleculae were occluded, the spectral shapes changed in the frequency range from 3.0 to 4.5 kHz. Thus, the valleculae affected this frequency region. According to Fig. 8(e) , when bilateral piriform fossae were occluded, two small but clear dips appeared at 4.00 and 4.16 kHz [denoted by~in Fig. 8(e) ]. These facts indicate that the valleculae generated these small dips. In short, the dip caused by the piriform fossa and the dip caused by the vallecula shared the same frequency, 4.16 kHz.
In summary, each side of the valleculae generates a small spectral dip in the frequency range from approximately 2.5 to 6 kHz. The frequency variation would be caused by the configuration of the vallecula, which can be changed by articulatory movements.
Acoustic effects of the inter-dental space
The size of the inter-dental space depends on the degree of jaw opening and the vertical position of the tongue. Therefore, the low vowels, /a/ and /o/, lacked the space, and /e/ had a larger space than /i/ and /u/ (Table I) . Figure 10 represents transfer functions calculated when the inter-dental spaces were occluded. For /i/, although no dip disappearance was observed, the spectral shape was very slightly changed around 2.2 kHz (denoted by~). Thus, the inter-dental spaces affected this low frequency region. For /u/, the occlusion of the inter-dental spaces removed a very small dip at 1.60 kHz (denoted by~). In addition, peak frequencies changed. For example, two peaks at 3.30 and 5.66 kHz shifted to 3.16 and 5.50 kHz, respectively. Not only the dip disappearance but also these peak shifts caused relatively larger spectral changes for /u/ as shown in Table IV . For /e/, the occlusion removed a very small dip at 2.14 kHz, which was just below the third formant and was observed a little more clearly when the laryngeal cavity was occluded (Fig. 7) . In addition, the occlusion increased the amplitude of the second and third formants (denoted by~) by 2.9 and 4.6 dB, respectively. In short, the inter-dental spaces affected the transfer function in the low frequency region, from 1.5 to 2.5 kHz, but the effects were small.
D. Transverse resonance mode
It is known that the assumption of plane wave propagation in the vocal tract is not valid in the high frequency region, where transverse resonance modes occur. According FIG. 9 . Simulated transfer functions for the five vowels when the bilateral valleculae were occluded.ĩ ndicates the dips caused by the valleculae.
to Motoki (2002) , the transverse resonance modes generate spectral dips in the transfer functions similar to the side branches. Therefore, we examined all the dips for all the vowels below 6 kHz and found that two dips at 3.92 and 4.74 kHz for /a/ and a very small dip at 5.54 kHz for /o/ were generated by transverse resonance modes.
Figures 11(a)-11(c) represent the pressure distribution patterns for /a/ at 3.92 kHz, for /a/ at 4.74 kHz, and for /o/ at 5.54 kHz, respectively. The left panels show transverse sections of the oral cavity, and the right panels show coronal sections. A dashed line on the transverse section indicates the slice location for the coronal section, and vice versa. The dark part where the pressure significantly changed corresponds to a node of the particle velocity. By contrast, the whitish part indicates an anti-node. Figure 11 (a) indicates that a velocity anti-node exists in the center of the oral cavity and nodes exist on both sides of the oral cavity for /a/ at 3.92 kHz. This pattern indicated that the first transverse resonance mode (the half wavelength resonance) occurred in the oral cavity. In the calculated transfer function (solid line in the top panel of Fig. 5) , the dip at 3.92 kHz was a bump rather than a dip, while it was clearly observed as a dip when bilateral piriform fossae were occluded [left~on "-p" in Fig. 8(a) ]. This bump-like dip was also observed at 4.00 kHz on the measured transfer function (bold line in the top panel of Fig. 5 ). of the particle velocity are observed on both lateral sides and at the center of the oral cavity. Also in this case, the corresponding dip was observed at 5.01 kHz on the measured transfer function (bold line in the top panel of Fig. 5 ).
Figure 11(c) represents the pressure distribution pattern at 5.54 kHz in the oral cavity for /o/. The pattern was essentially the same as that of Fig. 11(a) . Thus, at this frequency for /o/, the first transverse resonance mode (a half wavelength resonance) occurred. Unlike the two cases described above, the corresponding dip was not observed on the measured transfer function (bottom panel of Fig. 5 ). This would be because the amplitude of this transverse resonance was too small.
A transverse resonance appeared to cause not only a dip but also a peak (Fig. 5) . The most obvious case is the dip at 4.74 kHz for /a/, which was associated with the peak at 4.68 kHz. In the other two cases, peaks were ambiguous. The dip at 3.92 kHz for /a/ was associated with the very small peak at 3.82 kHz, and the dip at 5.54 kHz for /o/ with the small peak at 5.58 kHz. In short, the transverse resonance generated a pole-zero pair, similar to a side branch.
E. Causal factors for dips on transfer function
The results discussed above indicate that there are four causal factors for spectral dips in the vocal tract: The piriform fossae, epiglottic valleculae, inter-dental spaces, and transverse resonances. The piriform fossae generated two deep spectral dips around 4 kHz and their frequencies were relatively stable among vowels. The epiglottic valleculae also provided two small spectral dips, whose frequencies varied in the wide frequency range from 2.5 to 6 kHz. The inter-dental spaces caused weak dips for middle and high vowels in the low frequency region around 2 kHz. The transverse resonances yielded small dips for low vowels in the high frequency region above 4 kHz. We successfully identified the source of all the dips below 6 kHz and they are shown in Fig. 12 .
IV. CONCLUSION
In the present study, we calculated transfer functions of the vocal tract for the five Japanese vowels from MRI data by a 3D acoustic FDTD method. The transfer functions were compared with those obtained by measurements of physical models which were constructed from the same MRI data (Kitamura et al., 2009) . The mean absolute percentage error of the first four formant frequencies between measured and calculated transfer functions was 3.2%. Although the calculated transfer functions shifted by 2% toward the lower frequency region relative to the measured ones, calculated spectral shapes agreed well with measured ones up to 10 kHz. The result indicates that the FDTD method successfully simulated the acoustic phenomena within the vocal tract physical model up to 10 kHz.
In order to examine acoustic effects of the laryngeal cavity and side branches (the piriform fossae, valleculae, and inter-dental spaces), transfer functions were calculated for all the vowels, when the laryngeal cavity and side branches were occluded. By the comparison between original and FIG. 12. Causal factors for all the dips below 6 kHz were indicated by "rp" for the right piriform fossa, "lp" for the left piriform fossa, "v" for the valleculae, "i" for the inter-dental spaces, "t1" for the first transverse resonance mode, and "t2" for the second transverse resonance mode. Note that "lp þ v" stands for the left piriform fossa and the vallecula, and "lp þ rp" for the bilateral piriform fossae.
modified transfer functions, we confirmed that the laryngeal cavity generates the fourth formant (Takemoto et al., 2006b) and that the piriform fossae generate two spectral dips around 4 kHz (Dang and Honda, 1997) . In addition, these examinations revealed the following issues.
(1) The piriform fossae, valleculae, and inter-dental spaces had acoustic effects on the transfer function in this decreasing order, although the acoustic effects of the valleculae and inter-dental spaces were almost negligible. (2) Acoustic interaction existed between right and left piriform fossae. (3) For all the vowels, the valleculae and piriform fossae generated dips. The dip frequencies of valleculae varied among vowels in the wide frequency range from 2.5 to 6 kHz, while those of the piriform fossae appeared around 4 kHz and they were relatively constant among the vowels. (4) High and middle vowels (/i/, /u/, and /e/) had inter-dental spaces which affected the spectral shape in the low frequency region from 1.5 to 2.5 kHz. (5) Low vowels (/a/ and /o/) had dips above 4 kHz caused by the transverse resonance within the oral cavity.
Although the present study examined only a male subject, causal factors for spectral dips would be general. According to Kitamura et al. (2005) , the shape of the hypopharyngeal cavities are almost stable in a subject for different vowels. This explains why dips caused by the piriform fossae were observed to be stable. Since the shape of the vallecula is determined by the position of the tongue dorsum relative to the epiglottis, the dip frequency would vary across vowels. For the middle and high vowels, because the interdental spaces are formed and they are long compared with the other small cavities, the dips would appear in the low frequency region. For the low vowels, because the oral cavity is the widest part of the vocal tract in general, transverse resonances would occur within the oral cavity and the dips would appear in the high frequency region.
Concerning the phonation of static vowels, it is safe to say that acoustic effects of the side branches other than the piriform fossae are almost negligible. It is possible, however, that for some people, the inter-dental spaces contribute to discontinuous formant change in continuous utterances from low to high vowels, such as /ai/ (Honda et al., 2010) . At the early stage of this utterance, the inter-dental spaces do not exist in the vowel /a/. Through articulatory movements from /a/ to /i/, the inter-dental spaces are formed and elongated in a short time. Therefore, the dips caused by the inter-dental spaces would appear in the high frequency region and shift toward the lower frequency region. Conversely, the second and third formants of /a/ shift from the low to the high frequency region. In this way, the rising formants would be canceled instantaneously by the falling dips. Consequently, trajectories of the second and third formants would become discontinuous.
Since acoustic effects of the piriform fossae are relatively large, the effects should be considered whenever acoustic analysis of the vocal tract is performed in the high frequency region above 4 kHz. In general, each side of the piriform fossae is approximated by a parallel impedance in transmission line models (e.g., Dang and Honda, 1997; Titze and Story, 1997) because it can be considered as a side branch. Thus, two impedances independently generate two spectral dips on the transfer function. In reality, however, bilateral piriform fossae interact acoustically with each other and thus the frequencies and amplitudes of dips are not decided independently. Therefore, transmission line models based on one-dimensional acoustic propagation cannot fully account for acoustic interactions between two side branches of the piriform fossae. To account for such interactions, it is necessary to use a 3D model such as the FDTD method used in the present paper.
In addition to the side branches, the transverse resonance modes caused spectral dips in the transfer function. Below 6 kHz, the transverse resonance mode occurred within the oral cavity for the vowel /a/ and /o/. According to Motoki et al. (1992) , the transverse resonance mode affected the transfer function in a narrow frequency region (approximately 3.2-3.3 kHz) and just above and below the range, plane wave propagation was observed. The present study supported these results. Since the dips caused by the transverse resonance modes were relatively small, plane wave propagation could be assumed below 6 kHz except for the limited frequency region of /a/ and /o/.
In the present study, the vocal tract wall was considered almost rigid in the FDTD simulations, though a surface impedance was introduced. Because the physical models also had rigid walls, the comparison of transfer functions was valid. Kitamura et al. (2009) reported that the effects of yielding walls (reduced stiffness) appeared in the lower formants, especially the first formant. When the yielding wall effect was included in the transmission line model (Adachi and Yamada, 1999) , the first formant frequency increased. The lower formant frequencies of vocal tract physical models, therefore, were lower than those of real speech spectra. Because it is essentially difficult to implement frequency dependent losses on the wall in the FDTD method, this method could not be directly applied to analyze speech spectra. Despite this limitation, the present study indicated that the FDTD method successfully performed acoustic analyses of three-dimensionally complex vocal tracts.
